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A B S T R A C T
The abyssal seafloor of the Clarion Clipperton Zone (CCZ) in the central Pacific has the largest known deposits of
polymetallic nodules and associated benthic faunal communities with high biodiversity. The environmental
factors that structure these communities, both at regional and local scales, are not well understood. In this study,
seabed image surveys were used to assess distribution patterns in invertebrate and fish megafauna (> 1 cm) at
multiple scales in relation to key environmental factors: food supply to the seabed varying at the regional scale
(hundreds of km), seabed geomorphological variations varying at the broad local scale (tens of km), and seabed
nodule cover varying at the fine local scale (tens of meters). We found significant differences in megafaunal
density and community composition between all study areas. Variations in faunal density did not appear to
match with regional productivity gradients, although faunal density generally decreased with increasing water
depth (from E to W). In contrast, geomorphology and particularly nodule cover appeared to exert strong control
on local faunal abundance and community composition, but not in species richness. Local variations in faunal
density and beta-diversity, particularly those driven by nodule presence (within study areas), were of compar-
able magnitude to those observed at a regional level (between study areas). However, regional comparisons of
megabenthic assemblages showed clear shifts in dominance between taxonomic groups (perceivable even at
Phylum levels) across the mid-eastern CCZ seabed, suggesting a higher regional heterogeneity than was pre-
viously thought.
1. Introduction
Global economic interest in deep-sea mining has grown since the
discovery of extensive polymetallic nodule fields in the equatorial
Pacific during the HMS Challenger expedition (Murray and Renard,
1891). Abyssal plain and hill environments of the Clarion Clipperton
Zone (CCZ) in the central eastern Pacific harbour the largest known
deposits of polymetallic nodules, rich in manganese, copper, nickel, and
cobalt (Hein et al., 2020). Nodule fields constitute an unusual mosaic
habitat in the deep sea (Simon-Lledó et al., 2019b). The hard sub-
stratum provided by nodules combined with the background soft se-
diment acts to increase habitat complexity (Simon-Lledó et al., 2019b),
which is thought to promote the occurrence of some of the most bio-
logically diverse seafloor assemblages in the abyss (Amon et al., 2016;
Christodoulou et al., 2020; Gooday et al., 2017; Janssen et al., 2015).
However, at present, the ecology of these remote habitats is poorly
understood, little is known of the environmental factors that drive
biodiversity nor the scales at which these operate, and the available
biogeographical information is sparse, especially towards the mid-
western CCZ.
Abyssal benthic communities are strongly modulated by the flux of
particulate organic carbon (i.e. food) sinking through the water column
from the euphotic zone (Johnson et al., 2007; Smith et al., 2008). At the
CCZ seafloor, where depositional fluxes are generally low (e.g. 1–2 mg
Corg m−2 d−1: Lutz et al., 2007; Volz et al., 2018), communities typi-
cally exhibit low faunal abundance but a surprisingly high biodiversity
(e.g. Glover et al., 2002; Janssen et al., 2015). Regionally, the closer
proximity of the southern areas of the CCZ to the equatorial Pacific
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Fig. 1. Survey locations within the mid-eastern Clarion Clipperton Zone (CCZ). (A) Nutrient flux from surface to the seafloor across the mid-eastern CCZ, as reported
by Lutz et al. (2007). Red polygons represent the three TOML exploration areas (TB, TC, and TD) target of the present study. Grey polygons represent other
exploration licensed areas. White polygons represent Areas of Particular Environmental Interest (APEIs). Image-based megafauna studies have been conducted in all
areas with name displayed (see Discussion). A map is inset depicting the location of this sector (grey rectangle) within the CCZ. (B–D) Bathymetric survey charts of
the three study areas with detail of image transect locations (dark lines). (B) TOML Area B. (C) TOML Area D. (D) TOML Area C. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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high-productivity zone (e.g. Pennington et al., 2006) has been linked
with enhanced invertebrate density and species richness in the benthic
communities found beneath (Błażewicz et al., 2019; Glover et al., 2002;
Vanreusel et al., 2016; Veillette et al., 2007; Wilson, 2017). Differences
in density, diversity and/or body size correspond with productivity
gradients observed among the CCZ region in dominant smaller-sized
invertebrate groups, such as Polychaeta (Bonifácio et al., 2020; Wilson,
2017), Tanaidacea (Błażewicz et al., 2019; Wilson, 2017), and Nema-
toda (Hauquier et al., 2019; Lambshead et al., 2003; Macheriotou et al.,
2020), although Isopoda show more variable biogeographical patterns
(Brix et al., 2019; Wilson, 2017). Fewer assessments have been con-
ducted at a regional scale (e.g. hundreds of km) in megafauna groups
(e.g. invertebrates and fish > 1 cm). Vanreusel et al., (2016) depicted
the substantially lower benthic megafauna density in the Area of Par-
ticular Environmental Interest 3 (APEI3) compared to the more pro-
ductive southern areas in the eastern CCZ, in both mobile (e.g. Ho-
lothuroidea) and sessile taxa (e.g. Alcyonacea soft corals). In contrast, a
recent study conducted across the western border of the CCZ (Kiribati
EEZ) failed to find any correspondence between megafaunal commu-
nity features and nutrient flux gradients (Simon-Lledó et al., 2019d).
Further assessment of the correspondence between nutrient flux var-
iations and the megafauna -measurable across large seabed areas using
imagery data- can be important to better define biogeographical pro-
vinces in the CCZ, particularly if coupled with other environmental
factors operating at more local scales.
Environmental drivers operating at a local scale within the CCZ
seabed, e.g. within exploration license areas or APEIs, have the capacity
to drive changes in the benthic community, particularly in megafauna
assemblages (Simon-Lledó et al., 2019a,b). At a broader scale, e.g. tens
of km, variations in megafaunal abundance and composition have been
encountered between adjacent plains, hills and troughs in invertebrate
(Simon-Lledó et al., 2019a) and bait-attending (Leitner et al., 2017)
assemblages, comparable to variations in other abyssal hill and plain
environments in the north Atlantic (Durden et al., 2015; Stefanoudis
et al., 2016). At the finer scale, of tens of meters, variations in faunal
abundance and community structure have been described between
seabed areas with different nodule availability for megafauna (Amon
et al., 2016; Simon-Lledó et al., 2019b), macrofauna (Chuar et al., 2020;
Mullineaux, 1987), meiofauna (Miljutina et al., 2010; Singh et al.,
2016), and foraminifera (Kamenskaya et al., 2013; Simon-Lledó et al.,
2019b). These changes are thought to be related to the increased ha-
bitat heterogeneity associated with the presence of nodules, as nodule-
dwelling taxa can represent 60–70% of the total numerical abundance
of fauna present in nodule fields (Amon et al., 2016; Simon-Lledó et al.,
2019b). Broad-scale geomorphological variations can regulate bottom
water speeds and particle deposition rates in the CCZ (Skornyakova and
Murdmaa, 1992), which are factors that are presumed to modulate
nodule growth (Mewes et al., 2014). However, there is no simple re-
lationship between nodule cover and seafloor morphology (Peukert
et al., 2018) and hence the effect of each factor on benthic fauna is best
assessed independently.
Sixteen nodule mining exploration contract areas have been so far
granted in the CCZ by the International Seabed Authority (ISA, 2020),
the institution responsible for the management of these resources along
with the conservation and protection of the marine environment (Lodge
et al., 2014). The ISA requires contractors to document the biota in
their license area (Durden et al., 2018; Jones et al., 2019), as the ef-
fective management of potential exploitation activities will rely on such
baseline information. In 2011, Tonga Offshore Mining Limited (TOML)
was granted 6 exploration areas (TOML A, B, C, D, E, and F) by the ISA
(NM, 2016) that are spread throughout a wide longitudinal range from
west to east across the CCZ. Two expeditions to these sites were con-
ducted by TOML in 2013 and 2015 to map the seafloor and to collect
geotechnical and environmental baseline data (NM, 2016). During
these expeditions, a vast area of seafloor (~75,000 m2) was imaged at
high photographic resolution across three of the exploration-licensed
sites (i.e. TOML B, C, and D; Fig. 1) in the mid-eastern CCZ.
In this paper we present an analysis of megafaunal distributions
based on seabed imagery collected in three of TOMLs contract areas (B,
C and D) in the CCZ. We explore variations in megabenthic community
structure at the large (regional) scale between sites and couple this with
independent assessments for each contract area performed at the finer
(local) scale, to investigate how variations in the presumed food supply
regime, seabed geomorphology, and nodule cover may affect the dis-
tribution of megafauna in the mid-eastern CCZ abyss. We discuss these
results in the context of similar studies previously conducted in the
eastern CCZ to draw preliminary biogeographical patterns along this
region.
2. Methods
2.1. Study areas
Data used in this study were acquired during the RV Mt Mitchell
(2013) and the RV Yuzhmorgeologiya (2015) expeditions (NM, 2016) to
the mid-eastern CCZ TOML exploration areas B, C, and D, between 13
and 15° N and 123 to 133° W, in the Pacific Ocean (Fig. 1). Four target
areas of about 2000 km2 were chosen across TOML areas B, C and D:
respectively B1, C1, D1 & D2 (NM, 2016) and hereafter referred to as
study areas TB (TOML B1), TC (TOML C1), and TD (TOML D1 + D2).
Areas TB and TC are ~350 km apart at a similar water depth (~5000 m,
Table 1), while Area TD area is ~500 m shallower, ~550 and ~850 km
away from areas TC and TB respectively. As is commonplace in central
areas of the CCZ (Olive et al., 2015), the seafloor landscape of the three
study areas is comprised of a succession of parallel abyssal hills and
Table 1
Survey details and environmental features of each study area. Box-core sur-
veys: mean abundance and proportions of different nodule type- and size-
classes. Image surveys (this study): water depth (mean value and range) across
the images collected; mean seabed nodule cover across the images collected;
total abundance and number of megafauna morphotypes detected in images.
Other data: POC flux to the seabed (mean value and range within the surveyed
area).
TOML B TOML C TOML D
Box-core surveys*1
Nodule abundance (wet
kg m−2)
9.93 ± 8.25 7.41 ± 5.54 12.71 ± 7.53
Nodule type
– Smooth (S) 14% 27% 9%
– Smooth-rough (SR) 62% 73% 74%
– Rough (R) 24% 0% 16%
Nodule size (max.
diameter)
– Small (< 2 cm) 32% 20% 14%
– Medium (2–5 cm) 29% 60% 31%
– Large (> 5 cm) 39% 20% 56%
Image surveys
Images collected
(usable)
6,932 8,124 5,611
Seabed area imaged
(m2)
24,955 29,246 20,200
Water depth (m) 4917
(4418–5175)
4926
(4817–5065)
4557 (4345–4750)
Mean nodule cover (%) 33.7 ± 24.0 37.3 ± 26.8 13.2 ± 10.6
Individuals
(invertebrates)
3567 3377 8902
Total taxa
(invertebrates)
168 145 189
Individuals (fish) 46 83 76
Total taxa (fish) 11 14 10
Other data (from lit.)
POC flux (g C m−2 y-
1)*2
1.58
(1.53–1.61)
1.53
(1.50–1.56)
1.58 (1.51–1.62)
*1 Obtained from NM NI 43-101 Technical report, 2016.
*2 Derived from Lutz et al. (2007).
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shallow troughs oriented north–south between dispersed flatter areas
(Fig. 1), with a depth range (e.g. hilltops to trough bottom) between
300 and 500 m (see Fig. A1).
The seafloor of the three study areas is composed of unconsolidated
sediment and polymetallic nodules with notable differences in shape
(e.g. smooth, S; rough, R; smooth-rough, SR) and size (maximum dia-
meter: small < 2 cm; medium 2–5 cm; large > 5 cm). The shape of
nodules is thought to be controlled by the formation mechanism, with
the smooth nodules being formed predominantly by hydrogenetic
growth, the rough nodules by diagenetic growth and the smooth-rough
type being formed at the sediment-water interface with hydrogenetic
growth on top and diagenetic growth on the underside (NM, 2016).
Area TC has very few large nodules with medium sizes and SR shapes
dominating in box-core samples (NM, 2016; Table 1). Nodules in areas
TB and TD are mostly of SR type and exhibit a wider range of sizes,
although the proportion between nodule size categories was more even
in Area TB than in TD, as substantially larger nodules were found in
box-core samples collected in Area TD (NM, 2016; Table 1). Conse-
quently, although nodule cover (% seabed surface, in images) was
generally lower in Area TD than in areas TB and TC (see Section 2.2 and
Fig. 2), the mean nodule abundance (wet kg, in box-core samples) was
higher within Area TD (NM, 2016; Table 1). Additionally, two types of
ferromanganese crusts were observed across the three study areas, all
commonly found at the CCZ (e.g. Radziejewska, 2014). Massive crust
5–10 cm thick and typically found in blocks of 20–50 cm diameter (and
occasionally as pavement); while crustal-nodules are small to medium
sized (diameter < 20 cm) discrete fragments of ferro-manganese that
can grade into nodules (NM, 2016). In total, crusts were found in
~0.6% of areas surveyed, with crustal nodules more common (~0.5%)
and massive crusts being present only ~0.1% of the seabed mapped
(NM, 2016). Zeolite sheets, a third crust-like material that that is very
rarely encountered (Venkatarathnam and Biscaye, 1973), were identi-
fied in just a few locations in Area TB, and in one location in Area TD
(NM, 2016).
2.2. Environmental assessment
2.2.1. Bathymetric mapping and landscape characterization
Bathymetric data were used to map different geomorphological
units (i.e. geoforms) within each study area. Multibeam data were
collected with the shipboard Kongsberg EM120 MBES system (191
beams) and processed using CARIS HIPS and SIPS software
(TeledyneCARIS; v8.0). The resultant digital elevation model (60 m
horizontal resolution) was used to calculate a broad bathymetric posi-
tion index (BPI; Weiss, 2001) using the Benthic Terrain Modeler tool
(Wright et al., 2012) implemented in ArcGIS v10.2 (ESRI, 2012). BPI
was calculated using an inner radius of 2.5 km and an outer radius of
5 km to match the horst and graben structure that typically shapes the
central areas of the CCZ (usual wavelength: 10 km W-E; e.g. Olive et al.,
2015). After visual inspection of the resultant datasets, classification
thresholds were set to map hills (BPI > 50), plains (BPI: −50 to 50),
and troughs (BPI < −50) within each study area (Fig. 2; Fig S1). Data
were projected in Universal Transverse Mercator projection - Zones 8 N
(Area TB), 9 N (Area TC) and 10 N (Area TD) - using the World Geodetic
System 1984 datum.
2.2.2. Image data collection
Seafloor images were collected using a digital camera (Canon D60;
3456 × 2304 pixels) mounted on the towed camera system Neptune,
developed by the Russian marine institute JSC Yuzhmorgeologiya (NM,
2016). The Neptune system was towed at a speed of 0.1–0.2 m s−1 and
pictures were taken at an altimeter-triggered altitude of 3.5 m above
the seafloor, with an interval of at least every 30 s to avoid overlap
between frames. At the target altitude, individual photographs imaged
3.6 m2 of seabed. A total of 11 image transects were collected using the
Neptune system across the three study areas (Figs. 1 and 2). Four
transects were surveyed in Area TB (total seabed area: 24,955 m2), four
in Area TC (total seabed area: 29,246 m2), and 3 in Area TD (total
seabed area: 20,199 m2). The full resultant dataset comprised a total of
20,667 non-overlapping images, representing a total seafloor area of
74,401 m2 (Table 1).
2.2.3. Nodule cover assessment
Nodule cover (%) of the seabed was quantified in each image using
a custom MATLAB (The Math Works Inc.) routine based on colour
contrast. This routine performed a binary classification of each image
pixel, e.g. sediment (bright coloured) or nodule (dark coloured) sub-
strate, based on visually determined RGB thresholds, to then estimate
the approximate seafloor exposed area composed by nodules or rocks in
each image.
Fig. 2. Variations in seabed geomorphology and nodule-cover mapped within
each TOML study area. Lines represent image survey locations. (A) Area TB. (B)
Area TC. (C) Area TD.
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2.3. Biological assessment
Images were annotated using a two-step approach. Metazoan
megafauna specimens (> 1 cm) were first detected and then identified
to the lowest taxonomic hierarchy possible (morphotype [mtp]: typi-
cally Genus or Family level) using BIIGLE 2.0 (Langenkämper et al.,
2017). To ensure consistency in specimen identification, abyssal-Pacific
standardized megafauna catalogues (invertebrates and fish, some
examples shown in Fig. 3) were compiled from previous studies in the
basin and by reference to existing literature (Amon et al., 2017;
Dahlgren et al., 2016; Drazen et al., 2019; Kersken et al., 2019;
Molodtsova and Opresko, 2017; Simon-Lledó et al., 2019b, 2019c,
2019d). The likely feeding behaviour of each morphotype was inferred
from similar organisms described in the literature. Although xeno-
phyophores were the most abundant specimens on the seabed (up to
15–20 tests per image) these were not included in this study as it is not
Fig. 3. Examples of megafauna photographed during towed-camera surveys. Scale bar = 5 cm. (A–Z) Invertebrates. (A) Euplectellidae mtp-5. (B) Holascus euonyx sp.
inc. C) Porifera mtp-77. (D) Bryozoa mtp-5. (E) Actiniaria mtp-9. (F) Actiniaria mtp-2. (G) Ceriantharia mtp-1. (H) Corallimorpharia mtp-3. (I) Bathygorgia sp. mtp-5.
(J) Schizopathes sp. mtp-1. (K) Abyssopathes lyra sp. inc. (L) Umbellula sp. mtp-3. (M) Grimpoteuthis sp. mtp-1. (N) Nudibranchia mtp-1. (O) Cerataspis monstrosus sp.
inc. (P) Torquaratoridae mtp-5. (Q) Psychronaetes hanseni sp. inc. (R) Amperima sp. mtp-3. (S) Ellipinion sp. mtp-1. (T) Pseudostichopus sp. mtp-2. (V) Ophiosphalma
glabrum sp. inc. (W) Aspidodiadema sp. mtp-1. (X) Freyastera sp. mtp-2. (Y) Phlebobranchia mtp-16. (Z–γ) Fishes. (Z) Coryphaenoides sp. (α) Typhlonus nasus. (β)
Leucicorus sp. (γ) Ipnops meadi sp. inc.
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possible to determine whether foraminiferal tests are alive in images
(Hughes and Gooday, 2004). Similarly, invertebrates living in a shell or
tube (e.g. most polychaete and gastropod taxa) were also excluded from
the analyses. Specimen counts in each image are provided in the Sup-
plementary material: Appendix A.
2.3.1. Data analysis
Patterns in diversity and distribution of fauna were investigated at
different scales: i) regionally, between geographically distant study
areas (hundreds of km: areas TB, TC, and TD), ii) locally, at a broad-
scale, between different geoform types of each study area (tens of km:
Troughs, Plains, and Hills), and iii) locally, at a fine-scale, along the
gradient of seabed nodule-cover of each study area (tens of meters;
nodule cover levels L1 to L5). A different analytical approach was ap-
plied to conduct each of these three assessments. A stratified random
sampling design (Andrew and Mapstone, 1987) was used for the re-
gional assessment, with true replication across study areas. However,
the information needed to assess local patterns was only available from
photographic/terrain analysis (nodule abundances) and mapping work
both done after sampling. Thus, to control the impact of the physical
sample size on the estimation of ecological parameters, we chose to
apply a modified form of bootstrapping (Davison and Hinkley, 1997;
Manly, 2007) to explore variations between different strata in the local
assessments. Resampling techniques provide robust estimates of varia-
bility and confidence intervals of sample parameters (Crowley, 1992;
Rodgers, 1999), and are particularly well suited to analyse data derived
from survey designs that lack true sample replication (see e.g. Simon-
Lledó et al., 2019b, 2019d). Note though that given the relatively low
total number of fish megafauna observations (208 specimens), and that
some deep-sea fish groups can exhibit avoidance behaviour to towed
camera systems (e.g. McIntyre et al., 2015), fish distribution data were
analysed separately from invertebrates and using a more simplistic
approach (i.e. no sample replication). Total fish observations were
collated for each of the strata of interest targeted in the study (regional
study areas, local geoforms, and local nodule cover levels) relative to
the total seabed area sampled and results are consequently presented
with no associated error margins. Data processing and analyses were
implemented in R (R Core Team, 2017) using functions provided in the
‘vegan’ package (Oksanen et al., 2018), unless specified differently.
2.3.1.1. Regional assessment. Image data (faunal records in images)
were pooled for each separate study area (n = 3: areas TB, TC, and TD)
to investigate variations in faunal characteristics at the regional scale.
Following recommendations for optimal image-based megafauna
sampling at the CCZ (Ardron et al., 2019; Simon-Lledó et al., 2019a),
image data from each study area were randomly sampled without
replacement to generate replicate samples with a fixed minimum size of
500 individuals (range: 500–503 ind.). This process yielded 7 replicate
samples for Area TB, 6 for Area TC, and 17 for Area TD, each
encompassing a different seabed area coverage (range:
1098–4424 m2). A set of ecological parameters were calculated for
each replicate sample: numerical density (ind. m−2) and Hill’s diversity
numbers of order 0 and 2 (Jost, 2006), respectively morphotype
richness (SI) and the inverse form of Simpson’s index (1/D), to
explore both the richness and the evenness components of diversity
(Magurran, 2004). Additionally, morphotype density (SA) was
calculated following a controlled seabed-area approach: images were
randomly resampled without replacement to generate replicate samples
with a fixed size of 1000 m2 (278 images), which yielded 24 replicate
samples for Area TB, 29 for Area TC, and 20 for Area TD, each with a
different specimen count (range: 70–565 ind.).
The statistical significance of variations in faunal density and di-
versity between study areas was tested using generalized linear models
(GLM; Dobson and Barnett, 2008), as implemented in the ‘car’ package
(Fox et al., 2016). Homogeneity of variance and probability-distribu-
tion assumptions were verified by visual inspection of model
histograms and QQ plots. Models were fitted with Gaussian errors
(Freund and Littell, 1981). Where significant differences were detected
in global tests, multiple comparisons tests were conducted between
individual study areas using the ‘multcomp’ package (Hothorn et al.,
2017), p-value adjustments for multiplicity were made using the ‘mvt’
single-step procedure (Hasler and Hothorn Ludwig, 2011). The effect
size measure η2 (eta-squared, Levine and Hullett, 2002) was also cal-
culated to assess magnitude of the variations encountered, using the
‘sjstats’ package (Lüdecke, 2018).
Variations in community composition between study areas were
assessed following an abundance-based multivariate approach.
Dissimilarity in faunal composition between all pairs of (c. 500 ind.)
replicate samples was calculated using the Bray-Curtis dissimilarity
measure, i.e. beta-diversity (βBC), based on square-root transformed
faunal abundance. Non-metric multidimensional scaling (MDS) ordi-
nation was conducted, to visualize the rate of dissimilarity between all
pairs of replicate samples. A one-way permutational MANOVA (PER-
MANOVA) analysis (Anderson, 2001) with follow-up pairwise tests was
used to test for statistically significant variations in assemblage com-
position between study areas.
Taxon accumulation curves were calculated to assess the re-
presentability of the sampling conducted, following Colwell et al.
(2012), by random resampling of pooled image data for each study area
100 times without replacement forming increasingly larger sampling
units, using EstimateS v.9.1 software (Colwell, 2013). Additionally,
rank-abundance and taxa intersection plots between sites were also
generated (Supplementary material: Appendix A).
2.3.1.2. Local assessments
2.3.1.2.1. Geomorphological strata (broad-scale). Image data were
split for each geoform (i.e. Troughs, Plains and Hills) within each
separate study area to investigate variations in faunal characteristics
between geomorphological units. This survey design resulted in 9
subsets (three for each study area) with markedly uneven sample
sizes, e.g. specimen counts in each subset ranged between 765 and 5469
individuals (see Table A2). To implement the bootstrap, each image
data subset was randomly resampled with replacement until a
minimum of 500 individuals were encountered (range: 500–502 ind.),
and that process was repeated 1000 times for each geoform type. The
same set of ecological parameters assessed at the regional scale were
calculated for each bootstrap-like sample: numerical density (ind.
m−2); morphotype richness (SI), and the inverse form of Simpson’s
index (1/D). Morphotype density (SA) was also calculated following a
controlled seabed-area approach: images were randomly resampled
with replacement to generate bootstrap-like samples with a fixed size of
1000 m2 (278 images). Mean values of these parameters were
calculated from each bootstrap-like sample set, together with
corresponding 95% confidence intervals based on the simple
percentile method (Davison and Hinkley, 1997). We report statistical
assessments of variations in ecological parameters between study areas
by comparisons of the 95% confidence intervals, i.e., the upper limit of
a given estimate must be lower than the lower limits of the estimate
that is compared to. Such cases are significant at p < 0.05, though the
true (undetermined) p-value will, necessarily, be considerably lower.
Variations in community composition were assessed on a set of 10
randomly selected bootstrap-like samples for each geoform type (in
each study area), based on βBC calculated from square-root transformed
faunal abundance, and then visualised using MDS ordination.
2.3.1.2.2. Seabed nodule cover (fine-scale). Image data were ordered
by estimated nodule cover within each study area to investigate
variations in faunal characteristics along the nodule cover gradient.
Image data were then divided into 5 subsets at nodule-cover
breakpoints chosen to yield approximately equal numbers of
megafaunal observations in each subset (levels L1 to L5, each
representing a different nodule-cover range in each study area). This
survey design resulted in 15 subsets (five for each study area) with
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markedly larger sizes in the subsets of Area TD, e.g. Area TB and TC
subsets were composed of 713 and 675 individuals (respectively) while
area TD subsets were composed of 1780 individuals (see Table S3). We
applied the same form of bootstrapping as used in the local
geomorphological assessment; each image data subset was randomly
resampled with replacement until a minimum of 500 individuals were
encountered (range: 500–504 ind.), and that process was repeated 1000
times for each nodule-cover level. Again, numerical density (ind. m−2),
morphotype richness (SI), and the inverse form of Simpson’s index (1/
D) were calculated for each bootstrap-like sample while morphotype
density (SA) was calculated following a controlled seabed-area (c.
1000 m2) approach. Mean values and 95% confidence intervals of
these parameters were calculated from each bootstrap-like sample set.
We report statistical assessments of variations in ecological parameters
between study areas by comparisons of the 95% confidence intervals.
Variations in community composition were assessed on a set of 5
randomly selected bootstrap-like samples for each nodule-cover level
(in each study area), based on βBC calculated from square-root
transformed faunal abundance, and then visualised using MDS
ordination.
3. Results
3.1. Invertebrate megafauna
3.1.1. Variations in standing stock
Megafaunal density exhibited statistically significant regional var-
iations (F[2,27] = 3748, p < 0.001, η2 = 0.996). Mean faunal density
in Area TD (0.44 ind. m−2) was about three times higher than in Area
TB (0.14 ind. m−2) and almost four times higher than in Area TC (0.11
ind. m−2; Fig. 4A). Variations in density were statistically significantly
different across all study areas (pairwise comparisons, p < 0.001).
Density of different functional groups was consistently higher in Area
TD. For instance, mean density of sessile suspension feeding fauna
(predominantly sponges and anemones) was substantially higher in
Area TD (0.22 ind. m−2) than that in both TB and TC (0.09 and 0.06
ind. m−2, respectively); in addition, mean density of mobile deposit-
feeding fauna (predominantly brittle stars) was> 5 times higher in
Area TD (0.17 ind. m−2) than in TB and TC (0.03 ind. m−2, in each
area). Mean density of mobile predators & scavenger fauna (pre-
dominantly crustaceans) was also substantially higher in Area TD (2.01
ind. 100 m−2) than in areas TB (0.70 ind. 100 m−2) and TC (0.76 ind.
100 m−2).
Locally, faunal density exhibited substantial variations, both be-
tween different geoforms and across the nodule-cover gradient mapped
in each study area. At the broad scale, substantially and consistently
higher faunal densities were found in Hill areas (e.g. higher mean va-
lues and non-overlapping confidence intervals) than in Plain and par-
ticularly Trough geoforms (Fig. 4B–D). In Area TD these differences
were more pronounced and the faunal density found in Troughs was
also substantially lower than in Plain areas (Fig. 4D). At a finer scale,
faunal density in all study areas was substantially and consistently re-
duced in the lowest nodule cover level (L1) compared to areas with
higher nodule-cover (L2 to L5), where similar mean densities were
found (Fig. 5A). This pattern was more pronounced in Area TD, where
faunal density increased from 0.36 ind. m−2 in the lowest nodule cover
level (L1, mean nodule-cover: 1.9%) to 0.52–0.56 ind. m−2 in the rest
of areas (L2 to L5, mean nodule-cover > 9.1%).
3.1.2. Variations in alpha-diversity
Patterns in taxon richness (SI) and taxon density (SA) varied be-
tween study areas. While mean SI was broadly consistent (Fig. 4E), with
mean values ranging 72–76 morphotypes in c. 500 ind. (Fig. 4E), mean
SA (Fig. 4I) was significantly different between study areas
(F[2,70] = 464.9, p < 0.001, η2 = 0.92) owing to the inherently dif-
ferent faunal densities in these locations (Fig. 4A). A statistically
significantly higher SA (pairwise comparisons, p < 0.001) was found
in Area TD (68.8 morphotypes in c. 1000 m2) compared to areas TB and
TC (39.2 and 35.7 morphotypes in c. 1000 m2, respectively), which
were not significantly different (pairwise comparisons, p > 0.05).
Taxon accumulation curves supported these results; the larger SA in
Area TD generated a different taxon accumulation pattern in this study
area when assessed in relation to seabed surface sampling effort (a
significantly higher richness detectable in samples > 1000 m2,
Fig. 6A), while individual-based sampling assessments revealed a re-
latively similar taxa accumulation pattern in all three study areas
(Fig. 6B). Mean 1/D index (taxa evenness) was significantly different
between study areas (F[2,27] = 82.9, p < 0.001, η2 = 0.86), and
variations were significant across all sites (pairwise comparisons,
p < 0.001). The assemblage in Area TC had the highest values of 1/D
index (19.9 effective taxa in c. 500 ind.), followed by Area TB (15.1
effective taxa in c. 500 ind.), and Area TD (11.3 effective taxa in c. 500
ind.; Fig. 4Q).
Locally, faunal diversity metrics showed no substantial variations
between geoform types (e.g. overlapping confidence intervals, Fig. 4F-
H, J-L, N-P), other than slightly lower mean 1/D values in Hill geoforms
from areas TC and TD (Fig. 4O and P). SI was almost invariable across
the nodule cover gradient of all study areas (Fig. 5B), but SA in the
lowest nodule-cover level of Area TD (L1, mean nodule cover: 1.9%)
was substantially lower than in the most nodule-covered areas (L4-L5,
mean nodule-cover > 16.9%; Fig. 5C).
3.1.3. Variations in beta-diversity
From the 256 invertebrate megafauna taxa surveyed in this study,
95 morphotypes were found in all study areas, 57 morphotypes (28
rare; ≤ 3 specimens) were found only in Area TD, 30 morphotypes (25
rare) were found only in Area TB, and 10 morphotypes (8 rare) were
found only in Area TC (see Fig. A4A). Area TB and TC shared a higher
number of unique taxa (23 morphotypes) than Area TB shared with TD
(20 morphotypes) and Area TC did with TD (15 morphotypes). MDS
ordination of faunal composition data readily distinguished the samples
from the three study areas, particularly those from Area TD from the
rest (Fig. 7A). Formal comparison of faunal composition across the
assemblages of different study areas indicated a statistically significant
difference overall (PERMANOVA, R = 0.58, p = 0.001) and statisti-
cally significant differences in all pairwise comparisons (pairwise
PERMANOVA R ≥ 0.69, p < 0.007), although with a smaller dis-
similarity exhibited between the assemblages of Area TB and TC (βBC:
43.2%) than each of these with Area TD samples (βBC: 55.0 and 58.9%,
respectively).
There were clear variations in the abundance of the most dominant
taxonomic groups between study areas (Fig. 8). Mean densities in Area
TD were consistently higher across all taxonomic groups except for
Holothuroidea, which exhibited a substantially higher density within
Area TC than the other areas (Fig. 8H). The higher densities of Alcyo-
nacea (Fig. 8C) and Porifera fauna (Fig. 8D) in Area TD were coupled
with an also substantially higher taxonomic richness of these groups in
that site. Alcyonacea (Fig. 8C), Bryozoa (Fig. 8E), and Ophiuroidea
fauna (Fig. 8G) were almost virtually absent from Area TB and TC
compared to TD, while the density of Echinoidea (Fig. 8I) was sub-
stantially reduced in Area TC compared to the other areas. The most
remarkable variations in distribution at the morphotype level between
study areas were: (i) no bamboo corals, e.g. Bathygorgia spp. (Fig. 3I)
and Keratoisis spp., were found in areas TB and TC, while these taxa had
a combined total mean density of 0.75 ind. 100 m−2 in Area TD; (ii)
Mean density of the nodule-encrusting sponge Porifera mtp-5 was
substantially reduced in areas TB and TC (0.14 and 0.26 ind. 100 m−2,
respectively) compared to Area TD (2.25 ind. 100 m−2). In contrast,
mean density of the also nodule-encrusting sponge Porifera mtp-88 was
substantially reduced in Area TD (0.02 ind. 100 m−2) compared to
areas TB and TC (0.67 and 0.69 ind. 100 m−2, respectively); (iii) The
two most abundant holothurian morphotypes found in Area TC,
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Amperima sp. mtp-3 and Ellipinion sp. mtp-1 (Fig. 3R and S: 0.64 and
1.10 ind. 100 m−2 in Area TC, respectively), had reduced mean density
in Area TB (0.13 and 0.11 ind. 100 m−2, respectively) and were almost
absent from TD (only 2 specimens of Amperima sp. mtp-3 found in Area
TD); (iv) Mean densities of the ophiuroid Ophiosphalma glabrum sp. inc.
(Fig. 3V) were two orders of magnitude lower in Areas TB and TC (0.15
and 0.17 ind. 100 m−2, respectively) compared to that found in Area
TD (7.58 ind. 100 m−2); (v) Mean density of the sea urchin
Aspidodiadema sp. mtp-1 (Fig. 3W) was substantially lower in Area TC
(0.19 ind. 100 m−2) compared to those found in areas TB (1.83 ind.
100 m−2) and TD (2.13 ind. 100 m−2).
Locally, we found a markedly higher variability in multivariate as-
semblage dissimilarity at the finer scale (across the nodule-cover gra-
dient; Fig. 7C) than at the broader-scale (between geoforms; Fig. 7B). At
the broader scale, assemblage dissimilarity among different geoforms
was consistently higher between Hills and Troughs (Fig. 7B),
Fig. 4. Regional and local variations in megafaunal density and diversity. Bars indicate mean values across replicate sample sets (regional assessment) or bootstrap-
like sample sets (local assessment) surveyed in each study area. Error bars represent 95% confidence intervals. Regional assessment. Study areas: TB, TC, and TD. (A)
Invertebrate density. (E) Invertebrate taxa richness. (I) Invertebrate taxa density. (M) Invertebrate heterogeneity diversity; inverse Simpson’s index. (Q) Fish density
(total). Local assessment. Geoform types: Troughs, Plains, and Hills in respective study areas TB, TC and TD. (B–D) Invertebrate density. (F–H) Invertebrate taxa
richness. (J–L) Invertebrate taxa density. (N–P) Invertebrate heterogeneity diversity; inverse Simpson’s index. (R–T) Fish density (total).
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particularly in areas TB and TD (βBC: 40.4 and 41.7%, respectively),
while samples from Plains exhibited a higher resemblance with those
from the other geoforms (e.g. βBC < 40.0%) in all three areas. The
most remarkable variations in the abundance of dominant taxonomic
groups between geoform types were: i) Sessile Cnidaria (Actiniaria,
Alcyonancea, and Antipatharia) consistently exhibited lowest density in
Troughs and highest in Hills, in all study areas (e.g. mean densities in
Area TD: 11.9 ind. 100 m−2 in Troughs; 13.0 ind. 100 m−2 in Plains;
and 16.1 ind. 100 m−2 in Hills), ii) Ophiuroidea density showed the
same pattern as sessile Cnidarians (e.g. mean densities in Area TD: 10.6
ind. 100 m−2 in Troughs; 15.1 ind. 100 m−2 in Plains; and 22.9 ind.
100 m−2 in Hills), iii) In contrast to other sessile suspension feeding
fauna, Porifera showed no significant variations in density between
geoforms (e.g. mean densities in Area TD: 4.8 ind. 100 m−2 in Troughs;
5.9 ind. 100 m−2 in Plains; and 4.3 ind. 100 m−2 in Hills).
At the finer scale, ordination of faunal composition samples
(Fig. 7C) readily and consistently distinguished the assemblages of the
lowest (L1) and the highest (L5) nodule-cover levels in all study areas
(βBC: 47.5, 47.0, and 43.8% in areas TB, TC, and TD respectively).
Remarkably, both the assemblages of the lowest and those of the
highest nodule-cover levels in areas TB and TC exhibited a higher re-
semblance with the corresponding ‘homologous’ level (across study
areas) than with samples representing other nodule cover levels sur-
veyed within the same study area. The most notable variations in the
abundance of dominant taxonomic groups across nodule-cover gra-
dients were (Fig. 9): i) Actiniaria density increased to an asymptote
with increasing nodule cover in all study areas, stabilizing at low (L2)
cover levels (Fig. 8A), ii) Ophiuroidea density increased to an asymp-
tote with increasing nodule cover in Area TD (Fig. 9G), iii) Alcyo-
nancea, Antipatharia, and Bryozoa densities increased consistently with
Fig. 5. Local variations in faunal density and diversity across the nodule cover
gradient of each study area. Points indicate mean values across bootstrap-like
sample sets representing different nodule cover levels surveyed in each study
area. Shadowing represent 95% confidence intervals. (A) Invertebrate density.
(B) Invertebrate taxa richness. (C) Invertebrate taxa density.
Fig. 6. Invertebrate morphotype accumulation curves for each study area.
Dashed line represents combined data. Lines represent mean values across the
100 randomizations performed at each sample unit size increase, for each study
area. Shadowing representing 95% confidence intervals. Dashed line represents
mean values of curve calculated using whole-study combined data. (A) Curves
calculated as a function of the seabed area sampled. Slope coefficients at line
end: 0.0022x (TB); 0.0015x (TC); 0.0020x (TD), 0.0007x (Combined). (B)
Curves calculated as a function of the number of the individuals sampled. Slope
coefficients at line end: 0.0156x (TB); 0.0131x (TC); 0.0046x (TD), 0.0032x
(Combined).
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increasing nodule cover in Area TD but showed no variations across the
cover gradient in the other two areas, where their presence was overall
much reduced (Fig. 9B, C and E), iv) Porifera density slightly increased
with nodule cover in areas TB and TC (where most of the sponges en-
countered where nodule-encrusting), but showed no variations across
the nodule cover gradient in Area TD, and v) Echinoidea density in-
creased in Area TB, peaking at intermediate cover levels (L3) before
reducing at higher nodule cover (unimodal), but showed no variations
across the cover gradient in areas TC and TD (Fig. 9I).
3.2. Fish megafauna
Across all three study areas fishes were seen in 0.99% of images
(0.66%, 1.02%, and 1.35% in areas TB, TC, and TD respectively).
Overall estimated fish density was 0.38 ind. 100 m−2 (3800 fish per
km2). These fishes were classified into 18 distinct morphotypes (see
Table S5). The most abundant fish taxon both across the entire image
dataset and in every study region was Ipnops meadi sp. inc. (Fig. 3γ),
with a total of 94 occurrences and making up between 30 and 52% of
the fish abundance depending on study site. Regionally, total fish
density varied substantially between study areas with densities being
higher in Area TD (0.39 ind. 100 m−2) than in areas TB (0.18 ind.
100 m−2) and TC (0.28 ind. 100 m−2) (Fig. 4Q). Assemblage compo-
sition also showed some variation between study areas. Notably the
second most common taxon in both Area TB and TC (Leucicorus sp.,
Fig. 3β) was not seen in Area TD, where Bathyonus caudalis sp. inc. was
instead the second most abundant taxon. Additionally, B. caudalis sp.
inc. was only seen once in Area TB and not at all in Area TC. In terms of
species overlap, 6 of the 18 morphotypes were found across all three
regions, and Area TC had the most unique morphotypes (3) (see Fig.
A5). Locally, total fish densities were consistently higher in trough
landscapes than in plain and hill areas (Fig. 4R–T). Area TC showed the
biggest difference between troughs and hills, whereas Area TD had
nearly equivalent fish densities on both troughs and hills. The higher
density of fish observed in troughs within Area TC and TD resulted from
a higher abundance of I. meadi sp. inc. in this geoform, while in Area TB
this taxon was more abundant on hills. The higher density of fish ob-
served in troughs within Area TB resulted from slightly higher abun-
dances of Coryphaenoides sp. (Fig. 3Z) and Ophidiidae mtp-1 in these
areas. Assessing patterns of fish distribution at the fine scale, with re-
lation to nodule cover was not directly possible for fishes because of the
overall low numbers of observations and the unequal sampling of dif-
ferent nodule covers. Overall, 70% of the sampled area had mid to low
nodule density (nodule cover 20%), and for the area with the most fish
observations, Area TD, 81% of the surveyed area had less than 20%
nodule cover. Nevertheless, it is interesting to note that 56% of the I.
meadi sp. inc. seen were recorded in images with no nodules (0% nodule
cover), and all individuals observed were seen in low nodule areas.
Excluding I. meadi sp. inc., 50% of fish were observed in low nodule
areas.
4. Discussion
4.1. Invertebrate megafauna
4.1.1. Regional variations
Clear differences in invertebrate abundance were observed between
the three study areas surveyed (Fig. 4A). Density in Area TD (0.44 ind.
m−2) was three and four times higher than in areas TB and TC, re-
spectively. Variations of such magnitude in the abyss have typically
been linked with differences in the food supply to the benthos, world-
wide (Johnson et al., 2007; Rex et al., 2006; Smith et al. 2008) and at
the CCZ in particular (Brown et al., 2001; Mullineaux, 1987; Wilson,
2017). For instance, Vanreusel et al. (2016) and Cuvelier et al. (2020)
suggested that the higher productivity of the GSR and BGR areas
compared to the more northerly APEI3 in the eastern CCZ (e.g. Volz
et al., 2018; Fig. 1A) may drive the much higher (i.e. 5 fold) faunal
density that these studies found in the southern sites. However, dif-
ferences in productivity between the three areas surveyed in this study
are thought to be minor (1.53–1.58 g C m−2 y-1, Lutz et al., 2007;
Table 1). If water depth is considered as a proxy for food supply, the
larger faunal density in the ~500 m shallower Area TD could be ex-
plained. However, a significantly reduced density was observed in Area
TC compared to TB, which are both at similar depths.
There were clear differences in the predominant nodule size and
abundance in each of the three study areas. Nodules were larger and
generally less abundant in Area TD than in the other areas. Area TD had
the lowest mean surface cover but largest nodule weight per seabed
area of all study areas (NM, 2016); Table 1). As variations in nodule size
and cover appear to influence megafauna density and distribution
Fig. 7. MDS plots showing regional and local variations in invertebrate as-
semblage composition. (A) Regional assessment based on replicate samples of
each study area (MDS stress: 0.009). Study areas, in all panels: TB (circles); TC
(quadrats); and TD (triangles). (B) Local geomorphological assessment based on
10 randomly selected bootstrap-like samples for each geoform type in each
study area (MDS stress: 0.070). (C) Local nodule-cover assessment, based on 5
randomly selected bootstrap-like samples from each of the 5 nodule cover levels
(L1: lowest coverage, to L5: maximum coverage) for each study area (MDS
stress: 0.011).
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locally (Simon-Lledó et al., 2019b; this study), it is likely that variations
in the predominant nodule typology (e.g. shape, volume) may also play
an important role in the structuring of communities at the more re-
gional scale. However, it remains unclear how and to what extent these
factors regulate the patchy distributions of invertebrate density that
seem to characterise the north eastern CCZ region, particularly given
the little we know about life history traits of CCZ megafauna.
The three study areas exhibited significantly different assemblage
compositions, generally aligning with previous descriptions of com-
munities nearby in the CCZ, and beta-diversity was somewhat propor-
tional to the geographic distance between locations (Figs. 1 and 7A).
Variations in composition reflected a substantial degree of taxonomic
turnover, perceivable even at Phylum to Class hierarchical levels
(Fig. 8). Shifts in the spatial distributions of dominant taxonomic
groups were consistent with previous megafaunal assessments con-
ducted in nearby locations (e.g. Amon et al., 2016; Kamenskaya et al.,
2013; Simon-Lledó et al., 2019b; Stoyanova, 2012; Vanreusel et al.,
2016). For instance, the assemblages of the two western-most study
areas (and also most proximal locations), areas TB and TC, had lower
densities of Alcyonacea corals and Ophiuroidea, as was reported at the
south-east Ifremer area (Vanreusel et al., 2016) which is located right in
between the two study areas. The most abundant group in Area TB were
Actiniaria, followed by Echinoidea of the genus Plesiodiadema sp., as
was found in the adjacent Yuzhmorgeologiya area (Kamenskaya et al.,
2013). Further north, Area TC exhibited a surprisingly high density of
Holothuroidea, the highest reported to date at the CCZ (i.e. 2.5 ind.
100 m−2), dominated by a small (max. diameter: ~8 cm) morphotype
of the genus Ellipinion sp. (Fig. 3S), which accounted for almost half of
all the holothurians encountered in Area TC. In contrast, Ophiuroidea
were the most abundant group in Area TD, with Ophistophalma glabrum
sp. inc. dominating the megafaunal assemblage (e.g. 17% of the total
invertebrate abundance), exactly as was reported in the UK-1 area
(Amon et al., 2016), at a similar latitude. The dominance of O. glabrum
sp. inc. in Area TD was such that it reduced the taxa evenness in this
area (e.g. Simpson’s D; Fig. 4Q). Ophiuroidea abundances appear to
gradually increase towards the mid-eastern most sector of the CCZ,
where the diversity of this group has also been shown to peak
(Christodoulou et al., 2020). Although substantial efforts are still re-
quired to further synthesise (and collect) megafaunal distribution data,
the observed shifts in the dominant taxonomic groups across sites could
be indicative of an underappreciated heterogeneity across the eastern
CCZ, and by extension across the whole CCZ area.
Taxon accumulation patterns (Fig. 6) suggest that the differences in
the total number of taxa encountered between study areas (TB: 168
mtps; TC: 145 mtps; TD: 189 mtps) reflected the different faunal den-
sities inherent to each location (i.e. SA, Fig. 4I) rather than actual
variations in taxa richness (e.g. SI, Fig. 4E). Morphotype accumulation
curves suggest that the sampling conducted characterized most of the
megafaunal assemblage in Area TD and illustrate the large level of
sampling effort required (e.g. > 3000 megafaunal specimens) to ob-
tain statistically robust estimations of local taxa richness in abyssal
nodule-field areas based on seabed imagery (Ardron et al., 2019;
Simon-Lledó et al., 2019a). Morphotype accumulation patterns indicate
that further sampling may be required in areas TB and TC (Fig. 6B) to
more fully document megafaunal biodiversity, as required in environ-
mental management plans for contractor areas at the CCZ (ISA, 2014).
Richness data obtained in Area TD allows a preliminary comparison
with the APEI6, the protected area in closest proximity to TOML D, and
one of the few CCZ studied areas where the megafaunal sampling effort
conducted was also sufficient to adequately quantify this parameter
(Simon-Lledó et al., 2019a). There was a larger total taxon richness in
Area TD than at the APEI6; excluding fish taxa, a total of 126 in-
vertebrate morphotypes (in 18,500 m2) were found at the APEI6
(Simon-Lledó et al., 2019b), whereas 189 morphotypes (in 20,200 m2)
were encountered in Area TD (i.e. mean SI in c. 500 specimens: 57 in
APEI6; 72 in Area TD). There was also a lower megafaunal richness in
APEI3 (both in seamount and nodule field areas) than the more
southern GSR and BGR sites (Cuvelier et al., 2020). Combined, these
Fig. 8. Regional variations in density and
richness of the most abundant faunal
groups. Bars indicate mean values across
replicate sample sets surveyed in each study
area. Error bars represent 95% confidence
intervals. Numbers in bars indicate the
number of morphotypes encountered in
each group. (A) Actiniaria. (B) Antipatharia.
(C) Alcyonacea. (D) Porifera. (E) Bryozoa.
(F) Arthropoda. (G) Ophiuroidea. (H)
Holothuroidea. (I) Echinoidea.
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results suggest the existence of a latitudinal decrease in megafaunal
richness from North to South in this sector of the CCZ, in accordance
with the trends described for some macro- and meiofaunal groups
(Błażewicz et al., 2019; Bonifácio et al., 2020; Macheriotou et al., 2020;
Wilson, 2017). As these and other studies have point out (e.g. Taboada
et al., 2018), accumulating evidence is raising concerns on the appro-
priateness of the north easternmost APEIs (e.g. APEIs 3 and 6) to meet
their objective of preserving the full biodiversity range found within
this region of the CCZ. Research in the least known south easternmost
APEIs (APEIs 8 and 9), and in other almost unexplored contractor areas,
is required to further contextualise latitudinal variations.
4.1.2. Local variations
Standing stocks were consistently lowest in Troughs when explored
at a broad scale (i.e. tens of km) and in the least nodule-covered areas
(L1) when assessed at a fine scale (i.e. tens of meters). The variations
across the nodule gradient were much more prominent than between
geoforms, as was previously documented in homologous assessments
conducted at the APEI6 (Simon-Lledó et al., 2019a, 2019b). In those
studies, the abundance of suspension feeders (Actiniaria, Antipatharia,
Alcyonacea and Bryozoa) was generally lower in Troughs and higher in
Hills, except for Porifera fauna, as we found here. Similarly, reduced
densities of Ophiuroidea fauna in nodule-free areas and enhanced
densities in Hill areas were also documented at the APEI6. Interestingly,
variations in Ophiurodea density (in Area TD, since virtually absent
elsewhere) did not align with those of other deposit feeding fauna, such
as Holothuroidea or Echinoidea, as was found at the APEI6. These
variations may be related with enhanced (food) particle flows poten-
tially resulting from the higher hydrographical complexity of hill areas
in the CCZ (van Haren, 2018). On the other hand, Ophiuroidea may
benefit from micro-scale accumulations of food particles near the base
of nodules (e.g. Mullineaux, 1989). In turn, CCZ sessile Cnidarians and
Bryozoan taxa typically exhibit a high affinity for nodules (Amon et al.,
2016; Simon-Lledó et al., 2019a). Nodules provide stable anchoring for
suspension feeders and enable the placement of food-trapping struc-
tures into higher, accelerated boundary flows (Mullineaux, 1989), en-
hancing the abundance of these taxa in areas where nodules are present
(Amon et al., 2016; Simon-Lledó et al., 2019b; Vanreusel et al., 2016).
Our results concur with Simon-Lledó et al. (2019b) in that a nonlinear,
asymptotic relationship exists between standing stock and nodule cover
and this response may be explained by resource limitation (Tilman,
1982), i.e. hard substratum is initially limiting, but food resource be-
comes limiting as attached suspension feeder density increases.
Variations in assemblage composition were more prominent across
nodule gradients (βBC range: 43.8–47.5%) than between geoform types
(βBC range: 31.1–41.7%), despite the much smaller spatial scale of in-
fluence of nodule cover variations. Differences in composition at the
local scale reflected the variations in density of the most dominant
taxonomic groups, i.e. more prominent across nodule gradients.
Surprisingly, although smaller in range, beta-diversity rates associated
with local variations in nodule cover appear to be of comparable
magnitude to the rates observed at a regional scale (βBC range:
Fig. 9. Local variations in faunal density of the most abundant faunal groups across the nodule cover gradient of each study area. Points indicate mean values across
bootstrap-like sample sets representing different nodule cover levels surveyed in each study area. Shadowing represent 95% confidence intervals. (A) Actiniaria. (B)
Antipatharia. (C) Alcyonacea. (D) Porifera. (E) Bryozoa. (F) Arthropoda. (G) Ophiuroidea. (H) Holothuroidea. (I) Echinoidea.
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43.2–58.9%) (Fig. 7C). These results stress the key role that nodules
appear to play in the structuring of invertebrate communities at the
local scale across the CCZ, but also that further research may be needed
to understand if/how regional variations in nodule abundance (e.g.
Morgan, 2012), or even typology (e.g. Table 1), may also influence
megafaunal distributions at more regional scales.
4.2. Fish megafauna
Regional differences in the fish community were evident and fol-
lowed the patterns observed for invertebrate megafauna though the
environmental drivers responsible are not clear. As with invertebrates,
a much higher fish density was found in Area TD and density variations
did not appear to match with variations in food supply, which are
thought to vary little between the study areas. Rather there was a clear
decrease in density moving from east to west, as depth increases. Fish
density detected in Area TD (3800 fishes km−2) was similar to those at
the APEI6 (3980 fishes km−2), and at the DISCOL site in the Peru Basin
(3020 fishes km−2), but much higher than reported from the Porcupine
Abyssal Plain (751 fish km−2) using generally similar vertical imaging
survey methodologies (Drazen et al., 2019; Milligan et al., 2016; Simon-
Lledó et al., 2019b, 2019c). In contrast, fish densities detected in areas
TC (2840 fishes km−2) and particularly TB (1840 fishes km−2) were
lower. From a variety of CCZ image databases, Ipnops meadi sp. inc. is
by far the most frequently seen fish and while this most likely does
reflect a true density, it should also be noted that these fishes are
especially easy to identify even in high altitude images owing to their
large, reflective, dorsally oriented eyes, and they generally remain
motionless on the seafloor, showing little to no avoidance behaviour
even when approached by large, bright, and noisy remotely operated
vehicles (Simon-Lledó, pers comm).
Given their mobility it was somewhat surprising that the fish com-
munity composition varied regionally. For instance, a taxon so fre-
quently observed in areas TB and TC (Leucicorus sp.) was entirely absent
in the images from Area TD. The second most frequently observed taxon
in Area TD (B. caudalis sp. inc.) was almost entirely absent from the
other two sites. Area TD is the furthest east of the three study sites, and
Leitner et al. (2017) also documented a significant change in bait-at-
tending faunal composition from east to west across the CCZ. It should
also be noted that both areas TD and TB are found at lower latitudes
and slightly higher presumed nutrient flux than Area TC; however,
areas TD and TB were not the most similar regions, nor did they share
the largest number of taxa. In fact, only one morphotype was uniquely
shared between the two sites while 3 taxa were uniquely shared by
areas TD and TC. So, while some studies suggest relationships between
abyssal fish community composition and density with food availability
(e.g. Armstrong et al., 1992; Linley et al., 2017), a longitudinal driver
may be more important in the CCZ.
At the local scale, the higher density of fishes found in Troughs was
surprising, given that invertebrate megafaunal densities in this and
other studies showed the opposite relationship (Durden et al., 2015;
Simon-Lledó et al., 2019a). Further, using baited camera techniques
across a bathymetric gradient, abyssal hills (isolated, circular hills) had
higher fish relative densities than areas off the hills (Leitner et al.,
2017). However, the invertebrate taxa observed in higher abundance
on the Hills in this study were sessile Cnidaria and these taxa are not
frequently consumed by fishes (Drazen and Sutton, 2017). In the pre-
sent analysis, higher fish densities in Troughs appears driven by I.
meadi, which is a benthic fish not seen in baited studies. It is usually
found on flat, fine, soft terrain. Indeed, the relationship for areas TC and
TD was directly related to the high abundance of this taxon in Troughs,
though this did not hold true for Area TB or the APEI6 (e.g. more
abundant in hill and plain geoforms; Simon-Lledó et al., 2019a). Given
the low abundances of fishes in this study further insights into local
scale fish dynamics will require synthesis of data from across the CCZ.
5. Conclusions
This paper presents an assessment of megabenthic faunal distribu-
tion in response to multiple environmental factors known to generate
habitat variability in abyssal environments. We found significant var-
iations in faunal density and assemblage compositions both at a re-
gional and at a local scale. In agreement with previous studies in the
region, broad-scale geomorphological variations (extending tens of km,
e.g. Leitner et al., 2017; Simon-Lledó et al., 2019a) and particularly
fine-scale variations in polymetallic nodule cover (extending tens of
meters; e.g. Simon-Lledó et al., 2019b) emerged as strong drivers of
megafaunal variation at the local scale. The presence of nodules ap-
peared to enhance the abundance of the most dominant fauna, some-
what irrespectively of functional group (particularly sessile Cnidaria
and Ophiuroidea), driving gradual changes in assemblage compositions
(largest dissimilarity rates between the least and the most nodule-cov-
ered areas), and enhancing thereby local beta-diversity rates. The effect
of nodule presence within a contract area (local scale) was comparable
in magnitude to the variation observed between contract areas (re-
gional scale). Finally, preliminary biogeographical exploration of
megafaunal variation across the eastern CCZ suggests a substantial
degree of underappreciated heterogeneity within this sector, reflected
in: i) a longitudinal variation of faunal abundance (decrease towards
the west), ii) the clear shifts in the dominant taxa between sites (in<
350 km), and iii) an apparently higher taxa richness in the more
southerly areas of the mid-eastern CCZ (e.g. in the TOML D, GSR, BGR,
UK-1 belt) than in the north easternmost sector (APEIs 3 and 6). Results
of this contribution shall aid the effective implementation of con-
servation management strategies at the CCZ, both at local and regional
operational levels.
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